An attempt to form a "tiny" spherical flame over the small jet burner (so called microflame) as a model of a tiny droplet flame was made experimentally without any assistance brought by large facilities which could eliminate/minimize buoyancy effect. Using ceramic burner and high-temperature air effectively suppresses the quenching distance and such "super-stabilized" micro-jet flame would be fairly close to 1-D (droplet) flame. The temperature of air (up to 770 K) and the fuel (methane) flow rate were varied as experimental parameters. Fundamental characteristics of limiting and near-extinction behavior of methane-air microflame in high-temperature air are investigated. Results show that the flame shape under high-temperature air condition is hardly affected by the external disturbance and the quenching distance is minimized due to the increase of the temperature at burner tip. It is found that the theory developed by Kuwana et al., to predict the limiting behavior of small-scale flame would be applicable even for the one formed in high-temperature air. Minimum flame size achieved in high-temperature air is predicted as an order of hundreds micron; interestingly, this is identical to what is predicted with ideal adiabatic burner (i.e., no conductive and radiative heat loss to/from the burner) in our previous numerical work.
Introduction

Impact of microgravity environment for studies on droplet combustion
Spray combustion is a fundamental process found in the most of practical combustors (e.g., diesel engines, gas turbine combustors). Since the single/multiple droplets combustion is considered as a basic unit of the spray combustion, a number of articles have been published so far on this subject [ex. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Theoretical works of the single droplet combustion have been progressed by taking advantage of its symmetric nature. Later, studies of multiple droplets combustion were followed in order to understand the effect of interactions of single droplet flame since late 50's [4] . Early theoretical works on the interaction have been found in 60's, successfully showing that the flame-flame interaction could modify not only the flame shape but also the combustion characteristics (e.g., life time of droplets) [5] [6] [7] . To validate these theories, a series of corresponding experiment of single/multiple droplet(s) combustion have been performed, but the most of successful ones were done after 80's [8] [9] [10] ; nearly two-decades later. The reason for this "long delay" is because a difficulty of performing experiment under an ideal condition which the most of theories need to assume; namely, the flame must be perfectly spherical without any disturbance. As is well-known, the buoyancy modifies the flame shape drastically and the multi-dimensional transport processes should occur; obviously (spherical) 1-D system is inappropriate to apply [11] . One effective solution to avoid this difficulty is to utilize microgravity environment which enables to eliminate the buoyancy-induced flow entirely. Fig. 1 shows the example of the interaction of droplet flames in microgravity by Mikami et al. [12] , revealing that an interaction between 1-D spherical flames was successfully achieved. Because of its excellence feature, to this date, there seems no doubt to say that microgravity facility is essential to study droplet(s) combustion, including their interaction and others.
It should be noted that we have one important but unresolved issue on droplet(s) combustion; that is, a "size (scale) effect". Most of the existing studies on droplet(s) combustion have been used relatively large droplet(s) (~ 1.0 mm dia.) simply because the experiment of smaller droplet(s) combustion is quite difficult (this is actually the main reason why we need a microgravity as described). However, in the real combustor, the injector produced tiny droplets whose diameter is in the order of tens of micron; this is two orders of magnitude smaller than what has been used in the most of droplet(s) flame studies. As summarized above, we have two folds to manage in order to have a better understanding of the spray combustion; to achieve not only spherical (1-D) but also tiny flame. This is our basic motivation and the issue we are going to face in this paper. 
Strategies to reproduce a "tiny-spherical" flame
In general, under the absence of forced flow field, the transport process in a diffusion flame is dominated by the diffusion and natural convection. In order to compare their relative importance, an introducing Grashof number (Gr) is useful. When Gr is small enough, it is ensured that diffusion-controlled one-dimensional transport process (i.e., identical situation to microgravity field) is established around the flame. Since Gr is scaled by L 3 P 2 G (L is length scale, P is pressure, and G is acceleration of gravity), smaller
Gr is attained by adopting smaller L, P, G. Applying smaller G (i.e., utilizing microgravity facility) is obviously effective to achieve smaller Gr in any scale of interest (L). Applying smaller P has been attempted by Law [13] and it has been revealed that the spherical droplet(s) flame was successfully obtained. Lastly, "miniaturization (i.e., adopting smaller L)" can also reduce Gr most effectively even without any special facility likely drop-tower and vacuum chamber to manipulate G and P. Although it is quite obvious, no successful study of "tiny" droplet(s) combustion has been reported so far; this is simply because that it is hard to establish steadily and difficult to diagnose. To this end, if we have the small spherical flame to give (nearly) 1-D structure on earth steadily instead of burning tiny droplet(s), it can be useful as a "model" of tiny droplet flame, which is our target in this study.
Objective of this study
In this paper, we propose one possible solution to achieve (near) 1-D spherical flame using "super-stabilized" microflames as a model of a tiny droplet flame under the standard atmospheric condition (normal-g, standard-P).
Microflame is known as a tiny diffusion flame formed over a small needle jet [14] , holding Fr >> 1 and Re ~ O(1). Fig. 2 show direct photographs of micro-jet diffusion flame in various fuel flow rates. As indicated, flame shape becomes nearly spherical when the fuel flow rate is in a moderate range (< 10 mL/min).
In order to minimize the role of the buoyancy to the flame, it is preferable to keep the fuel flow rate as small as possible. However, under such condition, the heat loss to the burner becomes relatively large, resulting in forming the relatively large quenching distance. Obviously, it is expected that the "triple-flame structure" is appeared at the base [15] [16] [17] , therefore, the flame structure along the flame surface could not be uniform. In addition, the stability is very poor under such conditions, so that the flame is easily deformed by the external disturbance (likely buoyancy) as seen in Fig.3 . After all, a reducing the quenching distance, i.e., improving the flame stability, under the condition of smaller fuel flow rate should be best to obtain the smaller spherical flames, which can be considered as a model of tiny droplet flame as pointed.
Previously, we have shown in our numerical work that the sufficiently uniform 1-D flame structure was obtained by imposing "ideal" adiabatic wall (no conduction, no radiation) [18] . This fact gives us an idea how to achieve our present target experimentally; minimizing the heat loss from the burner is one of the key points. In this study, we use the tiny ceramic burner to form micro-jet flame in high-temperature air to satisfy this requirement. Using less-conductive burner may reduce the heat loss to the burner and using high-temperature air could promote the flame stability.
In the following, experimental results of the fundamental characteristics of microflame in high-temperature air are presented to evaluate whether the microflame established in preheated-air can be the successive candidate of a model of a tiny droplet flame. Limiting and near-extinction behavior of this tiny flame is also examined in order to understand the basic physics related on the stability of small-scale flames.
Experiment
Experimental apparatus and conditions
The burner system used in the present study is schematically shown in Fig. 4 . The thermal insulator was surrounded to the main combustion chamber made by a quartz glass to minimize the heat loss to the ambient. Preheated air brought by the electric heater flows through the section of the bed filled with ceramic balls (dia. of 2.0 mm) to eliminate large eddies to achieve the spatially uniform velocity field, then it flows into the main chamber. Volumetric flow rate of co-flow air was set to be a constant value (1.0 L/min at standard state; corresponding air velocity is 1.0 cm/s) throughout the study. Temperature of the preheated air was measured by using a thermocouple (K-type, wire dia.: 0.3 mm, junction dia.: 0.7 mm) inserted from the top. Note that the radiation correction is not made in this study. Once the temperature of preheated air reached to the target value and the temperature field became steady state, the thermocouple was removed and the micro burner 
Validation of uniformity of surrounding hot air brought by the present system
To confirm the uniformity of surrounding hot air, the visualization of flow field and temperature measurement were performed without the microflame. The light-scattering method was used to visualize the flow field as shown in Fig. 6 . Fine vaporific particle was seeded into the air flow and thin sheet of laser was exposed to obtain their scattered image in 2-D plane. This figure ensures that the flow is satisfactory parallel to the burner axis and uniform. Thermocouple (K-type, wire dia.: 0.3 mm, junction dia.: 0.7 mm) was used to measure the temperature field inserting into the several locations along X-and Y-axes (see Fig. 4 ; note that origin is located at the center of burner exit) at 10 mm above the burner surface. Sampling rate is 0.2 s -1 and 150 sampled data were obtained to check the variation in time. It was found that the temporal change was quite small to ensure that steady-state was established. Figure 7 shows the typical temperature distribution under the condition of the preheated air condition (T air = 500 K). This figure reveals that spatial fluctuation of the temperature is at most ± 10 K, suggesting that the spatially uniform temperature field is established. Consequently, it is confirmed that the spatially uniform (velocity and temperature) surrounding air in the chamber could be satisfactory delivered in this system.
Experimental results
Effect of preheated-air temperature on overall flame shape
Effect of the preheated-air temperature on the visible flame is shown in Fig. 8 . It is understood that the flame shape varies when the temperature of preheated air is varied. It is worthwhile to note that the quenching distance becomes much smaller when the higher temperature of air is employed. The burner wall becomes bright at 670 K of preheated air, indicating that there is a radiation heat loss from the burner to ambient. Bright region is sufficiently longer, suggesting that the entire burner is initially preheated by the surrounded hot air. In (c), the flame shape is quite similar to the one predicted in our previous numerical study under the assumption of no heat loss from/to the burner (so called "ideal" adiabatic burner) [18] , so that it is believed that using high-temperature air could form nearly 1-D spherical flame, which is applicable to be a model of tiny droplet flame. 
Effect of preheated-air temperature and fuel flow rate on quenching distance
The relationship between the quenching distance (L q ) and the fuel flow rate (V f ) in each temperature of preheated air is shown in Fig. 9 . This figure shows the quenching distance becomes zero (i.e., the flame base is located below the burner surface) when the fuel flow rate is large enough. It is also found that the minimum V f to give zero-L q becomes smaller when the higher temperature of the preheated air is employed. The quenching distance becomes larger when the fuel flow rate further decreases just prior to the extinction point. This trend is consistent in the wide range of preheated-air temperature considered in this study. Fig. 9 Relationship between quenching distance (Lq) and the fuel flow rate (Vf) in each air temperature, Tair (293 K, 500 K, 670 K)
Limiting behavior (stability limit) of microflame in high-temperature air
Relationship between the stability limit of fuel flow rate (V Lf : at which the lowest V f to attain extinction) and temperature of preheated air (T air ) is depicted in Fig. 10(a) . The best fit curve is found as follows,
It is clear that the limit is improved when the temperature of preheated air increases, as expected. More importantly, Eq. (1) indicates that V Lf converges to a limit value, 1.45 mL/min, when T air is set to infinitely large. It means that there is minimum fuel flow rate (namely, minimum heat release) to sustain the flame even using the extremely high-temperature air is surrounded. By considering the lower heating value of methane, 1.45 mL/min of the fuel flow rate corresponds to 0.86 W of enthalpy flow. Assume that the combustion efficiency is 60 % for example, the (minimum) total heat release rate delivered by the minimum microflame is 0.51 W. From Eqs. (1) and (2), we immediately know that L q at extinction point is linearly correlated to V Lf as indicated in Fig. 9 (the thick line) . Similarly, Eq. (2) shows the fact that the quenching distance converges to a limit value of 0.12 mm in the limit of infinitely large preheated temperature. Interestingly, this is nearly identical to the theoretically-estimated reaction thickness, which is scaled by can be predicted to 0.05 ~ 0.1 mm. It is reasonable to say that the flame zone is broadened nearly double in diffusion flame, thus, 0.12 mm is considered as entire reaction zone thickness.
Discussion
Limiting behavior of microflame established in high-temperature air
Kuwana et al. [20] have proposed the theoretical description of lower-limit condition to sustain the microflame, as shown in Eq. (3), under the assumption of unity of Schmidt number (Sc = 1). Let us examine whether this can be used to predict the present microflame behavior established in the high-temperature air. Here it is worthwhile to note that Eqs. (1) and (4) show the similar fashion, although different temperature is used in these equations; temperature appeared in Eq. (1) is preheated-air temperature (T air ), whereas the one in Eq. (4) is flame temperature (T f ). In the following, let us examine if these are related or not; namely, whether Eq. (1) found in this experiment is originally come from Eq. (4) obtained by theory or not. If so, it means that the actual flame behavior observed here is predictable by aforementioned theory [20] . First, let us assume that the temperature dependency of kinematic viscosity (ν ) is expressed as an exponential function, i.e., exp(E T /T air ) with an appropriate fitting constant of E T . Introduce E*, so called activation temperature (= E 0 /R) in Eq. (4) (1) is 355 K and there is a difference in factor of three as compared to the presently-estimated E a . This difference is somewhat acceptable in terms of order comparison. Thus, although above-discussion includes ambiguity so that further concern would be necessary, it is possible to claim that the limiting theory developed by Kuwana et al [20] would be applicable to the case even for the microflame formed in high-temperature air. We will continuously work on this topic in future in order to refine this conclusion.
Quenching distance behavior at near-extinction condition
Thermal balance between the flame and the burner (see Fig. 11 ) is now considered in order to explain the trend of L q against V f near the quenching limit as seen in Fig. 9 ; namely, increasing L q with decreasing V f . The amount of heat delivered by the fuel, Q in , and the heat loss to the burner, Q loss , are roughly expressed as following: 
where T u = 293 K. Introduce α defined as the ratio of Q loss to Q in (αQ in = Q loss ) and let assume that this is a constant at present. As first approximation, T w can be equal to T air . Under these assumptions, L q can be rewritten as follows,
This relation states that the quenching distance (L q ) is inversely correlated to the fuel flow rate (V f ). Also L q decreases as increasing the temperature of preheated air (T air ). These trends qualitatively agree with the experimentally observed behavior as shown in Fig. 9 . However, one may wonder the assumption of "constant α"; it could be a function of T air so that it may vary, not a constant, under the various preheated air conditions. In order to confirm the dependency of L q on T air in a different way, next, let us consider the thermal balance at the burner surface. The thermal balance (conduction and radiation) at the burner surface is expressed as follows:
where L b is the conduction length of the burner (i.e., the material constant). For simplification, again, let us assume that T w is equal to T air and λ is constant. Now, L q is rewritten as following,
From Eq. (6), it is confirmed that L q should decrease when T air increase, which agrees with the trend observed in the experiment (see Fig. 9 ). Consequently, in a qualitative sense, the thermal interaction between the microflame and burner is one of key factors to describe the near-extinction behavior of quenching distance, L q .
Correlation between quenching distance and flame height
The relationship between the flame height (L f ) and quenching distance (L q ) at near-extinction limit given by the entire range of the considered preheated-air temperature is summarized in Fig. 12 . It is found that the quenching distance is linearly proportional to the flame height under the condition considered in this study. Extrapolation of the observed data suggests that there is the achievable minimum flame height, 0.39 mm, with zero of L q by way of high-temperature air combustion (see dashed line in Fig. 12 ). This is, however, never achievable in reality because there is always radiation heat loss from the burner and possibilities of surface reactions to affect the flame stability there. In other word, 0.39 mm is the smallest flame size formed over "ideal" burner which does not produce any negative effect to sustain the flame (e.g., heat loss). Interestingly, this number, 0.39 mm (of flame height), is identical to the one predicted in our previous numerical work (under the assumption of "ideal" adiabatic wall condition, which the least heat loss is taken into account) [18] .
This match suggests that the applying high-temperature combustion enables us to predict the achievable flame size in "ideal" condition, which is generally hard to obtain in reality. This should be recognized as one of advantage of using high-temperature air combustion to examine the limiting flame behavior. 
Resistance to flow disturbance
Lastly, the improvement of stability against the external (flow) disturbance is demonstrated. For this purpose, experimental apparatus is modified to create the "inclined" flow against the burner axis by using the baffle board as illustrated in Fig. 13 . The air velocity (u air ) is varied to examine the resistance performance of the flame. Figure 14 compares microflames established in "inclined" air flow conditions with/without preheating (T air = 293 K and 670 K). It is found that the flame base is lifted as the inclined air flow speed increases under no preheating condition (T air = 293 K). However, when the high-temperature air is imposed, the flame becomes quite steady and is stabilized at the burner tip (such that the quenching distance becomes zero: L q ~ 0). Importantly, this steady trend is sustained even though the flow speed varies up to 7 cm/s, this is enough to lift the flame without the preheating case as noted previously. Since the flame base seems to be located just above the burner, it is expected to have nearly 1-D structure, which is applicable to a model of tiny droplet flame. Steadiness of the flame shape as well as the flame base location easily confirmed by tracing the outline of the flames as seen in Fig. 15 . Although not shown in this paper, we also checked the "time-dependent" stability by moving the burner randomly by hand. It was amazingly found that microflame formed in the preheated air was very-firmly sustained over the jet, even though such a realistic flow disturbance was employed. 
Conclusions
In this paper, an attempt to form a "tiny" spherical flame over the small jet burner (so called microflame) as a model of a tiny droplet flame was made experimentally without any assistance brought by brought by large facilities which could eliminate/minimize buoyancy effect. Using ceramic burner and high-temperature air effectively suppresses the quenching distance and such "super-stabilized" micro-jet flame would be fairly close to 1-D (droplet) flame. Fundamental characteristics of limiting and near-extinction behavior of Air flow methane-air microflame in high-temperature air are investigated. It is found that the stability is dramatically improved by using high-temperature air and the quenching distance can be sufficiently small, which is necessary to achieve near uniform (1-D) structure of flame. It is also found that ideal minimum scale of limiting microflame (e.g., flame height, quenching distance) is predictable by using the data of microflame established in high-temperature air. Limiting and near-extinction flame behavior observed in experiment can be well-described by using simple thermal model and existing theory developed by Kuwana et al.. Resistance of the spherical flame shape and steadiness of the flame base against the external flow disturbance was checked and confirmed that the spherical flame shape was hardly affected under considered disturbance in this study under the preheated air environment. Consequently, it is concluded that there are two distinctive advantages to apply the high-temperature combustion concept to study of micro-scale combustion, first, we can create the "tiny" spherical flame which could be a model of a tiny droplet flame, and the second, it provides us to look for the behavior of minimum scale of combustion. 
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